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Abstract: Misfolding of the microtubule-associated protein Tau is a hallmark of Alzheimer disease and
several other neurodegenerative disorders. Because of the dynamic nature of the Tau protein, little is
known about the changes in Tau structure that occur during misfolding. Here we studied the structural
consequences upon binding of the repeat domain of Tau, which plays a key role in pathogenic aggre-
gation, to an aggregation enhancer. By combining NMR experiments with molecular simulations we
show that binding of the aggregation enhancer polyglutamic acid remodels the conformational ensem-

ble of Tau. Our study thus provides insight into an early event during misfolding of Tau.
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Introduction

The microtubule-associated protein Tau plays a key
role in Alzheimer disease (AD).! In healthy condi-
tions, Tau binds to tubulin and microtubules, pro-
motes tubulin polymerization and regulates

Abbreviations: AD, Alzheimer disease; CD, circular dichroism;
DLS, dynamic light scattering; DTT, dithiothreitol; HSQC, het-
eronuclear single quantum coherence; MTSL, (1-oxy-2,2,5,5-
tetramethyl-d-pyrroline-3-methyl)-methanethiosulfonate;  NMR,
nuclear magnetic resonance; PRE, paramagnetic relaxation
enhancement; Tau"®, repeat domain of Tau.
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microtubule dynamics in neurons.? However, during
the course of AD, Tau misfolds and aggregates into
oligomers and amyloid fibrils, which further associ-
ate into neurofibrillary tangles in the intracellular
space.">* The appearance and distribution of Tau
aggregates correlates with the loss of neurons and
cognitive functions in AD.® Insoluble aggregates of
Tau contain a small B-sheet rich core surrounded by
highly dynamic, unstructured regions, which appear
in electron micrographs as a fuzzy coat.®? Little,
however, is known about the changes in Tau struc-
ture that occur at the onset of misfolding.

Increasing evidence suggests that truncated Tau,
which has been cleaved by proteases and is abundant
in neurofibrillary tangles, contributes to
mediated neurodegeneration.'>” Many of the Tau
fragments produced by proteases contain part of the
pseudo-repeats in the C-terminal half of the protein,

Tau-
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which are crucial for aggregation of Tau.!%!®1!°

Important proteases are caspases, which cleave Tau
at residue 421,'° calpain,’®?° autophagy-induced
cleavage (Tau residues 258 to ~360)'° and asparagine
endopeptidase (residues 255 to 368),'3 which liberate
the repeat domain for aggregation. Within the repeat
domain there are two hexapeptide sequences, which
establish Tau-Tau interactions,'®?! drive aggregation
of Tau via B-sheet formation,'®?? and form the core
of Tau amyloid fibrils.”®!! In addition, the central
domain of Tau harbors several genetic mutations,
such as N279K and AK280, which cause hereditary
frontotemporal dementia and parkinsonism linked to
chromosome 17.22 The importance of the repeat
domain of Tau, Tau®P, for aberrant misfolding is fur-
ther supported by the interaction of a variety of
aggregation inhibitors with this region.!1%2*

Although Tau aggregates are a pathological hall-
mark of several neurodegenerative diseases,’ Tau is
highly soluble in solution. This is because the Tau
sequence contains only a small number of hydrophobic
residues but many polar and charged amino acids.?®
Thus, additional factors are required to initiate the
misfolding of Tau. Post-translational modifications
such as phosphorylation have been thought to contrib-
ute,?® but polyanionic cofactors such as heparan sulfate
proteoglycans, ribonucleic acids, and acidic peptides
are more potent in nucleating Tau assembly."?®
Indeed, neurofibrillary tangles isolated from the brains
of patients with AD contain many non-protein compo-
nents including glycosaminoglycans and ribonucleic
acids.?® Consistent with these findings, polyanionic
cofactors promote misfolding of Tau in vitro.28-°

Insight into the structural changes that occur
during misfolding of Tau is hampered by the dynamic
nature of Tau: Tau belongs to the class of intrinsically
disordered proteins and does not fold into a stable
tertiary structure in solution.2>3! It is therefore best
described by an ensemble of conformations.?’->° To
overcome the challenges associated with the dynamic
nature of Tau and obtain insight into the first steps
of Tau misfolding, we combined NMR spectroscopy
with computational biology. We determined an
ensemble of conformations of the repeat domain of
Tau, Tau®P [also called K18; Fig. 1(a)], in the absence
and presence of the aggregation enhancer polygluta-
mic acid. The conformational ensembles revealed a
tightening of intramolecular interactions between the
aggregation-prone regions, suggesting that this might
be an important step in the misfolding of Tau.

Results

Microtubule-binding domain of tau remains
monomeric in the presence of polyglutamic acid
at subthreshold temperatures

Tau is an intrinsically disordered protein, which in
the brain misfolds into oligomeric species and is fur-
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ther converted into amyloid fibrils rich in B-struc-
ture.! We therefore asked how the aggregation
enhancer polyglutamic acid changes the structure of
Tau®P at 22°C, just below the critical temperature
for assembly.?® First, we tested if addition of poly-
glutamic acid results in the immediate formation of
Tau oligomers. To this end, we analyzed Tau®P in
the absence and presence of a 10-fold molar excess
of polyglutamic acid using DLS. Hydrodynamic
radius values observed for Tau™P in the absence and
presence of polyglutamic acid were similar [Fig.
1(b)]. This indicates that Tau®P remains predomi-
nantly monomeric upon addition of polyglutamic
acid and only aggregates into oligomers and fibrils
at higher temperatures and longer incubation times,
consistent with the ionic nature of the interaction.*°

Next, we analyzed the secondary structure of
Tau®P using CD spectroscopy [Fig. 1(c)]. Both in the
absence and presence of polyglutamic acid, the CD
curves showed a negative trough around 200 nm
that is characteristic of random coil structure [Fig.
1(b)1.36 Although a change in the CD signal was
observed between 210 and 230 nm, this is due to the
contribution of polyglutamic acid*’ and does not
indicate the formation of stable elements of a-helix
or B-structure. Consistent with a highly dynamic
nature of Tau, two-dimensional ['H,*N]-HSQC
spectra retained low NMR signal dispersion in the
presence of high concentrations of polyglutamic acid
[Fig. 1(d)]. Only after incubation at 37°C for 7 days,
a signature of B-structure was found by CD, indicat-
ing that amyloid fibrils had formed [Fig. 1(b)]. In
contrast, NMR signal intensities remained
unchanged when the NMR sample was kept for
seven days without stirring at 5°C (Supporting
Information Fig. S1), indicating that at best very lit-
tle oligomerization occurred during the NMR mea-
surement at low temperature.

Polyglutamic acid modulates the dynamic
structure of tau

Although Tau®P remained flexible in the presence of
polyglutamic acid, the aggregation enhancer per-
turbed many of its NMR signals [Fig. 2(a)]. For the
hexapeptide 27°VQIINK2®° the signal intensities
decreased by about 40%, while those of residues
360-362 (far away from the hexapeptide motifs)
were almost unchanged [Fig. 2(b)]. The residue-
specific signal broadening was caused by the
exchange of Tau®P residues between the free and
polyglutamic acid-bound state and the associated
averaging of chemical shifts. We attribute the dis-
tributed nature of signal broadening to a transient
interaction of the negatively charged polyglutamic
acid with positively charged Tau residues. In addi-
tion, we detected pronounced chemical shift changes
upon addition of polyglutamic acid [Fig. 2(a)]. These
were largest in the two hexapeptide sequences at
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Figure 1. Structural properties of the protein Tau. (@) Schematic representation of full-length Tau and the repeat domain of
Tau, TauRP, which is formed by four pseudo-repeat sequences (R1-R4) and comprises the amyloid-core residues of Tau. The
location of the two aggregation-prone hexapeptide motifs 2”°VQIINK?®° and 3°®vQIVYK®!" is indicated. (b) Hydrodynamic radii
of TauP in the absence (blue) and presence of a 10-fold molar excess of polyglutamic acid (red) at 22°C, just below the critical
temperature for assembly.*® For comparison, the data of free polyglutamic acid are shown in black (0.7 = 0.3 nm). Hydrody-
namic radii as measured by DLS for Tau"P were 3.4 = 0.6 nm and 2.7 = 0.5 nm in the absence and presence of polyglutamic
acid, respectively, demonstrating a polyglutamic acid-mediated compaction of Tau®P. (c) Far UV-CD spectra of Tau™® in the
absence (blue) and presence of a 10-fold molar excess of polyglutamic acid before (red) and after incubation for seven days
(dotted line). The negative trough around 200 nm is characteristic of random coil structure, while the hump at ~216 nm is con-
tributed by polyglutamic acid.*' (d) Two-dimensional ['H,"*N]-HSQC spectra of Tau™® in the absence (blue) and presence (red)
of a 10-fold molar excess of polyglutamic acid recorded at 5°C. The low signal dispersion shows that Tau™® remains highly

dynamic in the presence of polyglutamic acid.

the beginning of the repeats R2 and R3 [Fig. 2(b)],
in particular for 2°VQIINKZ?®, consistent with pre-
vious observations.?®

We then asked if the binding of polyglutamic
acid changes the backbone conformation of Tau®P.
To this end, we determined carbon chemical shifts,
which are sensitive probes of the local conformation
in both globular and intrinsically disordered pro-
teins.*? Experimental 5Co and 3CO shift upfield in
B-sheets and downfield in «-helices such that the
difference between experimental chemical shift and
the amino acid-specific random coil value is ASC < 0

1012 PROTEINSCIENCE.ORG

(extended structure) and A3C > 0 (helical conforma-
tion), respectively. Chemical shift analysis of free
Tau®P showed stretches with a propensity for
extended structure in the two hexapeptide sequences
of R2 and R3, as well as for 3*¢QVEVKSEKLD?#
and 3*"LDNIT?61.3¢ A similar pattern was observed
in the presence of a 10-fold molar excess of polyglu-
tamic acid (Supporting Information Fig. S2). Calcu-
lation of the difference between experimental 3CO
values in the presence and absence of polyglutamic
acid showed that 3CO values increased in the hexa-
peptide in repeat R2, but decreased at the N-

Influence of PolyGlu on Tau Structure
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Figure 2. Polyglutamic acid binds to aggregation-prone regions of Tau. (a) Selected regions of 2D ['H,"®N]-HSQC spectra of
TauRP without (light gray) and with a 10-fold molar excess of polyglutamic acid (dark gray). The protein concentration was

50 pM. (b) Residue-specific chemical shift perturbations and NMR intensity ratios in the absence I and presence, /, of polyglu-
tamic acid. The white dotted line corresponds to a threshold of 0.1. The aggregation-prone hexapeptide sequence 2"°VQIINKZ°

in repeat R2 was most strongly perturbed by polyglutamic acid.

terminal end of R3 (Supporting Information
Fig. S3). This shows that binding of polyglutamic
acid slightly perturbs the local structure in Tau.

Intramolecular contacts in Tau®P

Transient contacts between distant regions of the
primary sequence are found in many intrinsically
disordered proteins.**™*° To obtain insight into tran-
sient contacts formed in Tau®P, we made use of the
high sensitivity of NMR signals to the presence of
paramagnetic centers.’® To this end, we designed
four variants of Tau®P, which each carry a single
cysteine residue at a distinct position along the pri-
mary sequence of Tau®P. The selected mutants
include single-point mutations, in which one of the
two native cysteine residues (C291 or C322) of Tau
were substituted by alanine, as well as the variants,
in which the native cysteines were replaced by ala-
nine and a new cysteine was introduced in either
position 260 or 354. Subsequently, a nitroxide spin
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label MTSL was covalently attached to each of the
four variants.

The presence of a paramagnetic center in a pro-
tein results in enhanced relaxation of the NMR
resonances, because of the dipole—dipole interaction
between the unpaired electron in the paramagnetic
center and the NMR-active nucleus. This broadening
effect is strongly distance dependent and can reach
up to 25 A in case of MTSL. For the four MTSL-
labeled variants of Tau®P, we quantified paramag-
netic relaxation enhancement by comparison of
NMR signal intensities in 2D HSQC experiments
recorded in the paramagnetic (I,as) and diamag-
netic state (Ig;,) (Supporting Information Fig. S4). In
agreement with the 1/r®-dependence of the paramag-
netic effect, crosspeaks of residues in direct proxim-
ity to C322 were broadened beyond detection
(Supporting Information Fig. S4B). For residues
slightly further away, Ipara/laia ratios rapidly
increased. The asymmetric appearance of the
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broadening profile showed that residues 323-372 are
in transient contact with the paramagnetic center.

Next, we analyzed the influence of the paramag-
netic center at position 354 on the NMR resonances
of Tau®P. In this case, a strong attenuation (~40%)
of the signals of residues 3%°Val-Leu315 was
observed (Supporting Information Fig. S4). In addi-
tion, signals from the first hexapeptide
2T5VQINNK?® at the beginning of repeat R2 were
decreased by about 10-20%. Transient interactions
between distant regions in Tau®P were further sup-
ported by the paramagnetic broadening profiles for
the spin label at position 291: the spin label caused
broadening for almost all residues in Tau®P (Sup-
porting Information Fig. S4). In particular, residues
in the hexapeptide®**VQIVYK?3!! lost 80% of their
signal intensity.

Polyglutamic acid induces specific contacts
between aggregation-prone sites

The above data showed that all four repeats are in
transient contact, in particular the two aggregation-
prone hexapeptide sequences. We therefore asked if
one of the first steps at the onset of Tau misfolding
is a modulation of the network of transient long-
range contacts. To address this question, we added a
10-fold molar excess of polyglutamic acid to the four
variants of Tau®P, which contain a single paramag-
netic center (Supporting Information Fig. S4). For
TaufP with the spin label at position 322, a polyglu-
tamic acid-induced enhancement of the paramag-
netic broadening of residues 27°VQIINK?® was
observed. For the spin label at position 260, PRE
broadening was enhanced in a larger region of the
repeat domain, including residues in R2 and RS3.
Moreover, a slightly stronger PRE effect was found
for 30 residues up- and down-stream of the spin
label at position 291. The combined PRE data sug-
gest that the conformational ensemble of the repeat
domain of Tau becomes more compact in the pres-
ence of poly-glutamic acid. In agreement with a
tightening of transient contacts, the DLS-detected
average hydrodynamic radius of Tau®P decreased
from 3.4 to 2.7 nm upon addition of polyglutamic
acid [Fig. 1(c)]. Notably, the NMR data show that
the repeat domain of Tau remained highly dynamic
in the presence of polyglutamic acid. This is critical
to remember when interpreting the PRE data. When
working with a stably folded protein, it is expected
that PRE profiles from different MTSL sites are
fully complementary, that is, when one PRE profile
indicates that the distance to another residue is
decreased upon some trigger, the same information
should be found when the MTSL is attached to this
particular residue. In contrast, when working with
largely disordered proteins, which populate a large
ensemble of conformations and only have transient
contacts, the PRE profiles do not have to be fully
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Figure 3. The intramolecular nature of the transient contacts.
(a) Residue-specific intensity ratios between the paramag-
netic and diamagnetic states of Tau"P tagged with MTSL at
C322. Protein concentrations were 150 pM (red) and 50 pVf
(blue). (b) Relative NMR signal intensities (green) in cysteine-
free "°N-labeled Tau"P-C291A/C322A when mixed with an
equal amount (100 uM) of "*N-containing Tau™ tagged with
MTSL at position 260. Intensity ratios observed after addition
of a 10-fold molar excess of polyglutamic acid are shown in
blue. For comparison, the PRE profile of TauR® (with the
MTSL attached to position 260) in the presence of a 10-fold
molar excess of polyglutamic acid is shown in red.

complementary. This is because NMR spectroscopy
only reports on the average properties of a large
number of molecules. Thus, different transient con-
tacts can be present in different molecules.

Because polyglutamic acid enhances the aggre-
gation of Tau, the observed increase in paramagnetic
broadening might be caused by the formation of
intermolecular contacts. To probe for the influence of
intermolecular interaction on the paramagnetic
broadening profile, we repeated the measurements
with the paramagnetic proteins at threefold lower
concentration. A reduction of the protein concentra-
tion from 150 to 50 pM, however, only slightly
changed the MTSL-induced broadening profile [Fig.
3(a)]. We further probed for the presence of intermo-
lecular contacts by using a mixture of spin-labelled
Tau®P and a cysteine-free Tau®P variant in the pres-
ence and absence of polyglutamic acid. Because only
this variant was labeled with °N, paramagnetic
broadening would only be observed in case of inter-
molecular contacts. However, no intensity reduction
for the paramagnetic state was detected even after
addition of a tenfold molar excess of polyglutamic

Influence of PolyGlu on Tau Structure
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Figure 4. Conformational ensembles of the repeat domain of Tau in the absence and presence of polyglutamic acid. (a, b)
Comparison of experimental PRE broadening profiles (red) with values back-calculated from molecular ensembles (blue) in the
absence (a) and presence of a 10-fold molar excess of polyglutamic acid (b). The attachment sites of MTSL are indicated by

arrows. (c, d) Distance matrices of Tau"?

in the absence (c) and presence of a 10-fold molar excess of polyglutamic acid (d).

Contacts are plotted as log(d;/dijrer) Where dij; ¢ refers to the distance in the reference ensemble of 30,000 structures and dj;
refers to the distance in the ensemble selected on the basis of the experimental PREs. Each selected ensemble contained 80

structures.

acid [Fig. 3(b)]. Thus, the specific contacts induced
by polyglutamic acid in Tau®P are exclusively
intramolecular.

Molecular ensembles at the onset of misfolding
Tau is highly dynamic and interconverts between a
large number of conformations.?! To obtain a struc-
tural view of the ensemble of conformations, which
are populated in the absence and presence of poly-
glutamic acid, we performed statistical coil calcula-
tions under the influence of the experimentally
observed paramagnetic effects. Using the ASTE-
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ROIDS approach,®*2 ensembles of 30,000 structures
were calculated for Tau®P. The ensembles were opti-
mized against the measured paramagnetic effects
observed in either the absence or the presence of
polyglutamic acid, resulting in 80 structures in each
ensemble. Subsequently, I ara/lgia ratios were back-
calculated from the molecular ensembles and aver-
aged over five repeat calculations. For all spin-label
positions and both in the presence and absence of
polyglutamic acid, the molecular ensembles accu-
rately reproduced the experimentally observed para-
magnetic effects [Fig. 4(a,b)]. This includes in
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particular also the PRE profiles for MTSL positions
260 and 291, which at first sight might not be fully
complementary (Supporting Information Fig. S4).
The ensemble calculations unambiguously demon-
strated that ensembles containing 80 conformers can
fully reproduce the PRE profiles of both of these
spin label positions, as well as of the spin label posi-
tions 322 and 354. This is in agreement with the
dynamic nature of Tau and the fact that NMR
parameters are always ensemble averages.

Next, we analyzed the selected ensembles for
changes in C* contact probabilities. To this end, the
log of the ratio of the average distances in the
ensembles of Tau®P in the absence and presence of
polyglutamic acid were calculated [Fig. 4(c,d)]. Com-
parison of the two residue-specific maps demon-
strated that long-range contacts between the pseuo-
repeats R1 and R4 were more populated in the pres-
ence of polyglutamic acid. In addition, polyglutamic
acid tightened the interaction between the
aggregation-prone hexapeptide sequences (Fig. 4).

Discussion

Intrinsically disordered proteins such as Tau and «-
synuclein are highly soluble due to the large number
of polar and charged residues, yet their aggregation
into oligomers and amyloid fibrils are intimately
linked to disease. Because of the high solubility and
the generally low protein concentrations in the cell,
cellular factors must exist, which promote the patho-
genic aggregation of these proteins. Indeed, various
cellular polyanions (e.g., RNA, acidic peptides, or
micelles) drastically accelerate aggregation of Tau
and were found together with Tau aggregates in AD
brains.?®2° We therefore asked what the critical step
in the misfolding of Tau is that occurs upon binding
to an aggregation enhancer.

Using a combination of NMR spectroscopy and
molecular ensemble calculations we investigated
both the local and global structure of the repeat
domain of Tau upon binding to polyglutamic acid.
We chose polyglutamic acid for these studies,
because previous work had suggested that polygluta-
mic acid does not immediately convert Tau into
oligomers.?® This is in contrast to the polyanion hep-
arin, which rapidly induces the formation of Tau
oligomers at the concentrations required for NMR
spectroscopy.2>®® Indeed, a variety of experimental
controls performed in the current study demon-
strated that the repeat domain of Tau is predomi-
nantly monomeric in the presence of polyglutamic
acid, as long as the temperature is kept low (Figs. (1
and 3), and Supporting Information Fig. S1). This
made it possible to specifically analyze the struc-
tural changes that occur in the repeat domain of
Tau upon binding to an aggregation enhancer.

Consistent with the high abundance of positive
charges in the repeat domain of Tau, the binding of
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polyanions preferentially occurs in this region.3%°3

The sequence-specific assignment of the backbone
resonances showed chemical shift perturbation at
the two hexapeptide sequences in repeats R2 and R3
(Fig. 2). This can be caused by the direct binding of
polyglutamic acid, a binding-induced structural
change in the repeat domain of Tau or a combination
of both. Although the local structure was indeed per-
turbed in the presence of polyglutamic acid, changes
remained small (Supporting Information Fig. S3), in
agreement with circular dichroism [Fig. 1(b)] and
previous studies.’®®® Instead, some changes were
induced in the transient contacts between different
parts of the repeat domain of Tau (Fig. 4). In partic-
ular, contacts between the aggregation-prone hexa-
peptide sequences were tightened in the presence of
polyglutamic acid. This resulted in an overall com-
paction of the repeat domain of Tau as evidenced by
dynamic light scattering [Fig. 1(c)] and in agreement
with single-molecule energy
transfer measurements, which had been performed
for full-length Tau in the presence of heparin.?” Our
data suggest that an important step in the misfold-
ing of Tau is the intramolecular compaction of
aggregation-prone regions of Tau. Notably, formation
of an intramolecular crosslink between the two
native cysteines at position 291 and 322 delays
aggregation of Tau,?* indicating that a specific con-
formational change triggers Tau misfolding, while
disulfide bond formation locks Tau into an
aggregation-incompetent state.

Forster resonance

Materials and Methods

Sample preparation

Tau®P, which corresponds to residues 244-372 of
Tau [Fig. 1(a)l, was expressed in Escherichia coli
and purified as described previously.>'-*® Briefly, pro-
teins were expressed in the vector pNG2 (Merck) in
E. coli strain BL21(DE3). The expressed proteins
were purified from bacterial extracts by making use
of the heat stability of the protein and by FPLC SP-
Sepharose chromatography (GE Healthcare). For
uniform labeling with N and '2C isotopes, E. coli
bacteria were grown in M9-based minimal medium
containing 1 g/L of NH,C] and 4 g/L of p-Glucose
(13C-6), or 1 g/L of NH,C] alone. The cell pellets
were suspended in extraction buffer (50 mM MES,
500 mM NaCl, 1 mM MgCly, 1 mM EGTA, 5§ mM
DTT, pH 6.8) complemented with protease inhibitor
mix, disrupted with a French press and boiled for
20 min. The soluble extract was isolated by centrifu-
gation, and the supernatant was dialyzed against a
buffer containing 20 mM MES, 50 mM NaCl, 1 mM
EGTA, 1 mM MgCl,, 2 mM DTT, 0.1 mM PMSF, pH
6.8, and loaded on an FPLC SP-sepharose column.
The proteins were eluted by a linear gradient of
20 mM MES, 1M NaCl, 1 mM EGTA, 1 mM MgCl,,

Influence of PolyGlu on Tau Structure



2 mM DTT, 0.1 mM PMSF, pH 6.8. The mutations
Tau"P-C291A/C322A/1260C, Tau®P-C322A, Tau®’-
C291A, and Tau®P-C291A/C322A/1354C were gener-
ated using the Quick Change site-directed mutagen-
esis kit (Stratagene, Waldbronn, Germany) and were
confirmed by DNA sequencing. NMR samples con-
tained Tau®P at a concentration of 50 pM (unless
mentioned otherwise), 50 mM phosphate buffer, pH
6.8. Polyglutamic acid (average molecular weight of
3250, mean length ~22 Glu residues) was obtained
from Sigma (Sigma-Aldrich Chemie GmbH, Schnell-
dorf, Germany).

To label the single cysteine-containing mutants
of Tau®P with the nitroxide spin label (1-0xy-2,2,5,5-
tetramethyl-p-pyrroline-3-methyl)-methanethiosulfo-
nate (MTSL; Toronto Research Chemicals, Ontario,
Canada), Dithiothreitol (DTT) was removed from the
buffer using size-exclusion chromatography (PD-10
column; GE Healthcare, Freiburg, Germany), fol-
lowed by equilibration in PBS buffer (pH 7.4). Free
sulfhydryl groups were reacted with a fivefold molar
excess of MTSL solubilized in ethyl acetate, at 21°C
for 2.5 h. Unreacted spin label was removed using
PD-10 columns equilibrated in 50 mM sodium phos-
phate buffer (pH 6.8). Spin-labeled proteins were
concentrated using Amicon Ultra-15 centrifugal fil-
ters (molecular weight cutoff of 3000; Millipore,
Cork, Ireland).

NMR spectroscopy

NMR experiments were recorded at 5°C on Bruker
Avance 700, 800, and 900 MHz spectrometers
equipped with cryogenic probes. Two-dimensional
'H-'N heteronuclear single quantum coherence
(HSQC) spectra were recorded with 600 complex
points in the indirect dimension, 32 scans per incre-
ment and spectral widths of 8389 and 1844 Hz in
the 'H and '°N dimension, respectively (total experi-
ment time: 9 h). Three-dimensional HNCACB and
HNCO triple-resonance experiments were measured
on samples containing 1 mM °N/*3C-labeled Tau®P
in 50 mM phosphate buffer pH 6.8, 4 mM DTT and
10% (v/v) D20O. 3D HNCACB spectra were recorded
with 2048 [F1] X 84 [F2] X 128 [F3] complex points
and 24 scans per increment with spectral widths of
7716, 1705, and 10,582 Hz in the 'H, N, and '°C
dimensions, respectively (total experiment time:
3 days). 3D HNCO spectra were recorded with 2048
[F1] X 100 [F2] X 100 [F3] complex points and 8
scans per increment with spectral widths of 7003,
1561, and 1233 Hz in the 'H, N, and '*C dimen-
sions, respectively (total experiment time: 3 days).
NMR spectra were processed with NMRPipe®® and
analyzed using CCPN Analysis.?® Averaged and nor-
malized chemical shift perturbations were calculated
according to Adayv=[0.50mtit—Omwe)> + 0.02(dnuit
— Snwt)?]”2, where Smwi/Smuc and Snwi/One are the
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'H and N chemical shifts of Tau®P in the absence/
presence of polyglutamic acid.

Secondary chemical shift values were calculated
as the difference between measured Ca or CO chem-
ical shifts and the empirical random coil value for
the appropriate amino acid type.>” Random coil val-
ues for histidines, glutamates, and aspartates were
taken from Wishart and Sykes,®® as the chemical
shifts of these residues are particularly sensitive to
pH. To estimate the secondary structure content, the
observed Ca chemical shifts were normalized by the
empirically determined secondary shift expected for
that amino acid type in a regular secondary struc-
ture (B-sheet or a—helix) conformation,®® summed
and normalized by the number of residues in the
segment.

NMR intensity ratio plots were reported with a
3-residues averaging window. Paramagnetic Relaxa-
tion Enhancement (PRE) effects of NMR signals
were extracted from the peak intensity ratios
between the 2D ['H,'?N]-HSQC NMR spectra
acquired in the presence of the nitroxide radical
(paramagnetic state) and after addition of 2 mM
DTT (heated to 42°C for 10 min before measure-
ment) to the same sample. Addition of DTT cleaves
the MTSL tag from the cysteine residue such that
the spin label is no longer attached to the protein
and the protein is in the diamagnetic state. We pre-
viously showed that oxidation of the MTSL tag by
ascorbic acid gives very similar results in the case of
Tau.?! For PRE profiles, the peak intensity of every
residue in the HSQC with the tag attached was
divided by the peak intensity in the HSQC with the
cleaved tag (PRE = Ija/laia). Measurements were
performed in the absence and presence of a 10-fold
molar excess of polyglutamic acid. To exclude inter-
molecular contacts as cause for PRE line-
broadening, a mixture of 100 pM ®N-labeled Tau®P-
C291A/C322A mutant (i.e., without any cysteine res-
idue) and 100 pM '*N-containing Tau®P-C291A/
C322A/1260C, which was tagged with MTSL, was
measured in the presence and absence of a 10-fold
molar excess of polyglutamic acid.

Ensemble calculation

The algorithm Flexible-meccano
explicit ensembles of molecules that sample the con-
formational space available to Tau®P in the absence
and presence of polyglutamic acid. Unbiased confor-
mational ensembles of 30,000 structures were calcu-
lated, and effective relaxation rates for each
conformer calculated in the presence of the different
spin probes. MTSL side-chain flexibility was incorpo-
rated by allowing the side-chain to sample all steri-
cally allowed rotamers, and averaging the relaxation
rates of each backbone conformation. Transverse
relaxation rates for each conformer were calculated
intensity The

59 was used to create

and transformed into ratios.
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correlation time for the electron—nuclear interaction
was set to 5 ns, in broad agreement with previous
studies of unfolded proteins using PREs.?%6°
Exchange between individual backbone conformers
was assumed to be fast on the chemical shift and
relaxation rate timescale, so that average relaxation
rates were calculated over the selected ensemble.
Subensembles of 200 structures were selected on the
basis of agreement with respect to the experimen-
tally measured intensity ratios using the genetic
algorithm ASTEROIDS.?!

Dynamic light scattering

Dynamic light scattering (DLS) measurements
were performed at 22°C using a DynaPro Titan
temperature controlled microsampler (Wyatt Tech-
nologies Corporation). Samples (10 M of Tau®P in
50 mM phosphate buffer, pH 6.8, and 1 mM DTT
inserted in 50 pL flow cells in the absence or pres-
ence of a 10-fold molar excess of polyglutamic acid)
were illuminated with a 25 mW, 780 nm solid-state
laser, and the intensity of 90° angle scattered light
was measured at 4 ps intervals using a solid-state
avalanche photodiode. Measurements were per-
formed with freshly prepared samples, each experi-
ment lasted 20 min and was repeated six times to
confirm the reproducibility of the results (i.e., total
of 2 h). Average values and their standard devia-
tions were determined using the software package
Dynamics 6.7.7.9.

Circular dichroism

Circular dichroism (CD) spectra of 10 uM of Tau®P
in 50 mM phosphate buffer were acquired at 25°C
using a Chirascan CD spectrometer (Applied Photo-
physics Limited) in the absence or presence of a 10-
fold molar excess of polyglutamic acid. Spectra were
acquired with 350 uL in a cuvette with 0.5 mM path
cell over the range covering 190—260 nm using a
1 nm band width and a scanning speed of 20 nm/
min. Five scans (measurement time for a single scan
was 5 min) were averaged for each dataset and the
subsequent spectra of the buffer constituents were
subtracted from the protein samples. The same mea-
surement was repeated three times using freshly
prepared samples to confirm the reproducibility of
the results. Data are expressed in terms of the mean
residual ellipticity (0) in [deg/(cm? dmol)].
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